Effect of the capping on the local Mn oxidation state in buried (001) (2011) Stress evolution during the oxidation of silicon nanowires in the sub-10 nm diameter regime
Thermal wet oxidations of GaP and Al 0.4 Ga 0.6 P at 650°C for various times have been performed. Comparisons are made on oxidation rates and post oxidation morphology. Transmission electron microscopy shows that when oxidizing GaP, polycrystalline monoclinic GaPO 4 •2H 2 O forms without noticeable loss of phosphorus. Oxidation for 6 h or more leads to poor morphology resulting in cracks and detachment. A thickness expansion of about 2.5-3 times is noticed as a result of oxidation. In contrast, oxidized Al 0.4 Ga 0.6 P exhibits much better morphology without cracks or detachment from the substrate. The oxide has an almost amorphous-like microstructure. The oxidation process shows typical diffusion-limited reaction at long anneals. Preliminary work on the oxidation of AlP indicates that the reaction leads to formation of Al 2 O 3 and possible volatile P 2 O 5 diffusing out of the specimen. Thus, from the structural viewpoint, AlGaP forms a better oxide suitable for device needs. © 2000 American Institute of Physics. ͓S0003-6951͑00͒02228-2͔
For decades the oxidation of many compound semiconductors has been investigated to yield native oxides for different applications. Most beneficial has been the study of oxidizing Al x Ga 1Ϫx As. 1 This technology has been used for numerous applications such as distributed Bragg reflectors in vertical cavity surface emitting lasers, 2, 3 insulating layers in field effect transistors, and current guiding in heterojunction bipolar transistors. [4] [5] [6] Less extensive work has been done to study the materials grown on GaP. Rubenstein and Kato et al. have studied the thermal dry oxidation of GaP. 7, 8 They reported that the product of the oxidation was mostly GaPO 4 with very little Ga 2 O 3 . This is in contrast to both GaAs and GaSb, which when oxidized form primarily Ga 2 O 3 with the As and Sb forming volatile oxides that diffuse out of the sample. Dry oxidations for 30 min at temperature of 850°C resulted in the GaPO 4 being very rough with caverns forming at the oxide/substrate interface. In contrast, when GaP was thermally wet oxidized the material was smoother without the cavern formation but was cracked and separated from the substrate. 8 It was determined that thermally oxidized GaP could not be used for device applications.
Following this there was much work done on the anodic oxidation of GaP. Schwartz experimented with annealing anodically oxidized GaP with various P 2 O 5 overpressures to formulate a Ga-P-O ternary phase diagram. 9 The anodic oxide consisted of P 2 O 5 and Ga 2 O 3 . His results indicated that GaPO 4 formed after annealing. Kato et al. also did work annealing anodically oxidized GaP in a nitrogen ambient instead of P 2 O 5 overpressure. 10 It was found that when the anodic oxide was annealed at temperatures above 600°C, the surface became very rough with hollow bumps and blisters believed to be caused by vaporization of P 2 O 5 in the material.
In this letter results are presented on the thermal wet oxidation of both Al 0.4 Ga 0.6 P and GaP. A 1.5 m Al 0.4 Ga 0.6 P layer was grown in an Emcore GS 3000 DFM low-pressure metalorganic chemical vapor deposition system. The material was grown on a ͑100͒ GaP substrate miscut 10°towards the ͓111͔ direction. Oxidation was performed in a Lindberg open tube furnace. Water vapor was supplied to the samples using nitrogen bubbled through a water reservoir kept at 85°C. Samples were oxidized for times ranging from 1 to 36 h at 650°C. After oxidation, the samples were analyzed using cross-sectional transmission electron microscopy ͑TEM͒ to determine oxidation rates, volume changes, and microstructure. Compositions were estimated using energy dispersive x-ray spectroscopy ͑EDAX͒.
GaP was wet oxidized at 650°C for varying times up to 24 h. After an oxidation of 6 h the surface of the oxidized GaP began to get very rough, cracked, and detached as was reported for thermal wet oxidations of GaP by Kato et al. 8 This can be seen in a Nomarski photograph of the GaP oxidized at 650°C for 24 h shown in Fig. 1͑a͒ . This oxide has a thickness of ϳ1.3 m and is obviously very rough and cracked as shown in the cross-sectional TEM micrograph, Fig. 1͑b͒ . Also seen is the detachment between the oxide and substrate. The oxidized material was identified using TEM diffraction ͓insert in Fig. 1͑b͔͒ and EDAX. The x-ray spectroscopy confirmed the presence of oxygen and equal atomic concentrations of Ga and P. Among various possible GaPO x compounds listed by the International Center for Diffraction Data, the hydrous monoclinic GaPO 4 •2H 2 O is the only structure that matches the TEM diffraction data. 11 TEM also showed that the oxide was polycrystalline without any preferred crystal orientation correlation between the oxide and substrate. GaP oxidized for less than 6 h did not have as severe structural damage or detachment. However, there were noticeable spots on the surface. It was also noticed that the oxide was 2.5-3 times the thickness of the original material. This can be attributed to the absorption of O and H 2 O. It is indicated by the breakdown after longer oxidation times that there is likely a critical volume for the highly strained oxide at which it will crack and detach from the substrate. GaAs were analyzed. Rubenstein published data on the oxidation of GaAs with his GaP work. 7 It is proposed that upon wet oxidation, GaAs forms Ga 2 O 3 and some volatile material such as As 2 O 3 that diffuses out of the sample. Also, Oh et al. 12 have noticed that thermal wet oxidation of GaAs leads to a volume shrinkage of about 5%-10%. Thus, GaP and GaAs oxidize very differently. GaP will retain its column-V element and will form GaPO 4 whereas GaAs will not hold on to its column-V element and will form Ga 2 O 3 leaving the As to form volatile compounds. This suggests that the formation of GaPO 4 is more favorable than that of Ga 2 O 3 .
With the recent success in various applications of wet oxidized Al-bearing arsenides, it is of interest to study the oxidation of Al x Ga 1Ϫx P. Two different aluminum contents have been chosen for the study, i.e., 40% and 100%. To study the oxidation of AlP, a sample was grown with 1500 Å of GaP covering a 1000 Å AlP layer. The AlP was then oxidized from the top down through the GaP cap layer at 650°C for a sufficiently long time and analyzed by TEM. The resulting material showed again the presence of oxygen but with a significant drop in the P content as compared to aluminum. The P likely forms P 2 O 5 and diffuses out of the sample. In addition, the loss of P results in a volume shrinkage of about 10%. Apparently, the oxidation mechanism of AlP is very different from that of GaP.
Sugg et al. studied the thermal wet oxidation of Al 0.8 Ga 0.2 As. 13 It was found that after oxidation the material was mostly polycrystalline ␥-Al 2 O 3 with As being below the detection level for Auger electron spectroscopy. At the oxidation temperatures used ͑ϳ425°C͒ it was found that Ga did not oxidize. Thus, the resulting products are Al 2 O 3 and elemental Ga. Choquette et al. presented information on the thermal wet oxidation of AlAs.
14 It is stated that when AlAs reacts with water the products are ␥-Al 2 O 3 , As 2 O 3 , and H 2 . Thermodynamically, As 2 O 3 can react with H 2 to form elemental As, and both As 2 O 3 and As are volatile. 15 They can easily diffuse and escape from the sample. As a result of the material loss, a volume shrinkage of 12%-13% after oxidation is experimentally observed. Hence, the results of oxidizing AlP in this work are similar to those of oxidizing AlAs. The Al easily forms Al 2 O 3 leaving the column-V element to form volatile compounds.
Oxidations of Al 0.4 Ga 0.6 P were done for various times up to 36 h at 650°C. The oxidation thickness versus time is shown in Fig. 2 . It should be noted that the graph indicates growth of the oxide and not consumption of the material being oxidized. As can be seen in Fig. 2 , the oxidation rate starts out at about 700 Å/h but begins to slow as oxidation times approach 20 h. This roll off is caused by the oxidation becoming diffusion limited rather than reaction limited. On the oxidation layer, EDAX showed that the relative amount of P dropped slightly compared to the as-grown sample. This indicates there was some loss of P due to the oxidation. It is believed that some volatile P 2 O 5 has formed and diffused out of the sample. This phenomenon was not noticed in GaP. After the oxidation it was found the material swelled to roughly twice its original volume. Compared to oxidized GaP, the volume expansion ͑increase in thickness͒ of oxidized Al 0.4 Ga 0.6 P is smaller, which further supports the notion that AlP shrinks upon wet oxidation probably due to the loss of volatile P 2 O 5 .
The postoxidation morphology of the Al 0.4 Ga 0.6 P and GaP can be used as evidence that the damage to oxidized material is caused by excessive expansion of a polycrystalline material. A Nomarski photograph of Al 0.4 Ga 0.6 P oxidized at 650°C for 24 h is shown in Fig. 3͑a͒ . The oxidized Al 0.4 Ga 0.6 P has a thickness of ϳ1.5 m and is very smooth. Fig. 3͑b͒ is the TEM micrograph of the Al 0.4 Ga 0.6 P after oxidation. In contrast to GaP, the oxidized Al 0.4 Ga 0.6 P has no noticeable structural problems as seen in the oxidized GaP. The diffraction pattern in Fig. 3͑b͒ shows practically only amorphous rings, which indicates that the oxidized Al 0.4 Ga 0.6 P either consists of extremely fine polycrystalline grains or is basically amorphous in structure. This is in contrast to the obvious polycrystalline material after the oxidation of GaP. It is possible that when the Al 0.4 Ga 0.6 P is oxidized it forms a glassy phase material that conforms to the substrate. This material is not subject to the same problems caused by large expansion the way polycrystalline material is. Thus, instead of being cracked and detached the material is smooth and adheres well. This is an important advantage to the oxidation of Al x Ga 1Ϫx P. In addition, it was found from ellipsometer measurements that the index of refraction is ϳ1.7-1.8, which is significantly smaller than those of crystalline AlGaP.
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In conclusion, GaP and Al 0.4 Ga 0.6 P are oxidized at 650°C for various times up to 36 h. The result of the GaP oxidation is the formation of polycrystalline monoclinic GaPO 4 •2H 2 O. This material tends to have poor structural quality and detaches from the substrate, probably due to a large volume expansion. Oxidizing a buried layer of AlP shows similarities to AlAs in that the column-V element diffuses out of the sample leaving Al 2 O 3 and showing a volume shrinkage. Al 0.4 Ga 0.6 P oxidizes at a faster rate than does GaP and the resulting oxide has a smooth morphology with no cracking or detachment even after 36 h of oxidation despite an expanded volume. The smooth morphology and large change in the index of refraction makes the oxide attractive for different applications in passivation and waveguiding. FIG. 3 . Nomarski photograph ͑a͒ and TEM and diffraction pattern ͑b͒ of Al 0.4 Ga 0.6 P oxidized at 650°C for 24 h. The Nomarski photograph shows the oxidized material is very smooth in contrast to the oxidized GaP. The TEM diffraction analysis indicates that the material is practically amorphous.
